The stability of a horizontal layer of fluid heated from below is examined when, in addition to a steady temperature difference between the walls of the layer, a time-dependent sinusoidal perturbation is applied to the wall temperatures. Only infinitesimal disturbances are considered. The effects of the oscillating temperature field are treated by a perturbation expansion in powers of the amplitude of the applied field. The shift in the critical Rayleigh number is calculated as a function of frequency, and it is found that it is possible to advance or delay the onset of convection by time modulation of the wall temperatures.
INTRODUCTION
R. J. Donnelly1 has reported experiments on the effect of modulation on the stability of the flow between rotating cylinders. In his experiments, fluid was confined in the narrow gap between two cylinders, with the outer cylinder held fixed while the inner cylinder was given an angular speed 2+2coswt. He found that the onset of instability was delayed by the modulation of the angular speed of the inner cylinder. Maximum stability was achieved for dz/ y 0.27, and as the frequency was increased far beyond that point, the effect of modulation became negligible. Donnelly interpreted his results as being due to a viscous wave penetrating the fluid and thereby altering the profile from an unstable one to a stable one.
Since the problems of Taylor stability and Bnard stability are very similar, and the latter is simpler to analyze, this paper deals with the thermal analog of Donnelly's experiments. The problem considered is that of determining the onset of convection for a fluid layer heated from below, when in addition to a fixed temperature difference between the walls, an additional perturbation is applied to the wall temperatures, varying sinusoidally in time.
STATEMENT OF THE PROBLEM
The problem considered is the following. A fluid layer is confined between two infinite horizontal walls, a distance L apart. A vertical gravity force acts on the fluid. The wall temperatures are externally imposed, and they are T TR+ -a--- [i +E coswt] at the lower wall (z = 0), and at the upper wall (z = L) Here e represents a small amplitude.
The fluid is supposed to be essentially incompressible, except insofar as its density changes due to thermal expansion. For small departures from a reference temperature TR, the density is given by
where a is the coefficient of thermal expansion. The thermal diffusivity K and the kinematic viscosity y of the fluid will be regarded as constant, and the Bous sinesq2 approximation will be used to describe the motion of the fluid.
For simplicity, hlfree_free1(2) boundary conditions will be applied at the wall, instead of the more physical no-slip conditions. The freefree conditions are that the normal velocity is zero and the tangential stress is zero at the wall. They correspond to a rigid but slippery wall.
The object of the analysis is to determine the critical conditions under which convection can occur.
ILl.
THE HYDROSTATIC CONFIGURATION
A hydrostatic configuration is possible for this system, in which the isothermal surfaces (and hence the isosteric surfaces) are horizontal and therefore parallel to the equipotential surfaces of the vertical gravitational force. Under such conditions a vertical pressure gradient can balance the gravitational force, and the fluid is subject to no net force.
The equations which determine the temperature and pressure fields in this case are:
IV.
EQUATIONS OF MOTION
In the Boussinesq approximation, the equations of motion are Equations (3), (4) and (5) together with the boundary conditions (1) and (2) determined the hydrostatic fields TH(z, t) , PH(Z, t) and pH(Z, t).
We shall only need the temperature field TH, which, since Eq. (5) is linear, consists of the sum of a steady temperature field T5 and an oscillating part eT: 
and T e-e a(X) =
x -x e -e 4 (b) (12.) and +v.VT =KV2T (13) where k is the unit vector in the vertical direction, and y = (u, y, w) is the fluid velocity. Let O=TTH (14) then, retaining only linear terms in and O, the equations of motion are
and a 5 ae' +W' aZ' =cÇ70 (17) Here, the variables have been non-dimensionalized as follows:
The two dimensionless groups which appear are the Prandtl number, a v/K , and the Rayleigh number, R = gaTL3/Kv.
From this point on we shall drop the primes, with the understanding that, unless otherwise stated, the quantities are in their non- We are interested in non-zero solutions to Eqs. (15) - (17) 
The temperature gradient appearing in Eq. (19) can be obtained from the expressions derived in Section III:
The horizontal dependence of w is factorable in this problem, and we shall study only solutions with a single wavenumber a , such that
The dependence ela* r of w on the horizontal coordinates is to be understood throughout, even though, for the sake of conciseness of notation the exponential factor will be left out.
V.
PERTURBATION PROCEDURE
We seek the eigenfunctions w and eigenvalues R of Eqs. (19) Lortz and Bus se4 to study the stability of finite amplitude convection, (5) and by Ingersoll to study the effect of superposmg a shear flow, among 7 marginally stable solutions for that problem are 
Each of the wo's is required tc satisfy the boundary conditions (20).
The function w0which starts the whole process is a solution of the problem with E = O that is, the classical Be'nard problem. The (2) so that 
The first of these expressions gives a2 = n-12. A similar expansion 
VU. RESULTS
The values of Rc will be obtained for the following cases: (a) when the oscillating temperature field is symmetric i e the plate temperatures are modulated in phase, so 0; (b) when the field is antisymmetric, corresponding to an out of phase modulation, Tr; and (c) when only the temperature of the bottom plate is modulated, the upper plate being held at a fixed constant temperature. This case can be can become sufficiently small to be overtake by the other terms in the sum.
As w tends to infinity, R tends to zero as 11w2, so the effect None of the cases considered duplicates the behavior observed by Donnelly in his experiments, in which a peak stabilization occurs at a value of w different from zero. This is probably due to the fact that while the two problems are fairly similar, they are not identical.
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